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Résumé

On décrit la fabrication et le fonctionnement d'un

système à haute pression pour faire pousser des cristaux.

Avec ce système, on peut produire des monocristaux de la

phase fluide entre 4.2 K et 300 K, sous une pression

jusqu'à 900 MPa. On donne quelques résultats expérimentaux,

obtenus à l'aide du système, pour l'azote solide, 3-N-.
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ABSTRACT

This report describes the construction and operating

procedure for a high compression crystal growth system,

capable of growing single crystals from the fluid phase

over the temperature range of 4.2 K to 300 K, at pressures

up to 900 MPa. Some experimental results obtained with

the system are given for solid $-nitrogen.
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1̂  Introduction

A knowledge of the structural and dynamical properties of

crystalline solids, together with their dependence on pressure

and temperature, is essential for the understanding of inter-

molecular and interatomic forces. Coherent neutron scattering

is a particularly powerful technique for measuring these

properties of condensed matter. Cryostats which control the

specimen temperature down to liquid helium temperatures and

allow access for neutron scattering have been developed com-

mercially. This commercial development has not taken place for

pressure variation, however, and systems requiring variable

pressure are usually custom designed.

In this report we describe the construction and operating

procedure for a high compression, crystal growth system.

Sufficient detail is provided for the report to be used as an

operating manual. The system is designed to allow coherent

neutron scattering measurements of the structural and dynamical

properties of single crystal specimens to be made with both

pressure and temperature as variable parameters. The system can

operate in the pressure range 0 to 900 MPa and temperature range

4.2 K to 300 K. A given pressure and temperature can be

maintained constant for periods long enough to allow neutron

scattering measurements to be made (i.e. several weeks). The

cryostat containing the specimen crystal is mounted on a

goniometer so that specific planes of the crystal can be

oriented in the scattering plane of the spectrometer.
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Experiments on powdered specimens, amorphous materials or

liquids may also be performed.

2. Pressure Generating System

The high compression system is similar to that described

by Skalyo et al. and is shown schematically in figure 1. An

overall view of the system, which is mounted on an easily

movable trolley, is shown in figure 2. We now discuss in turn

the three sections (a), (b) and (c), indicated by dashed lines

in figure 1.

2.1 Low Pressure Gas System

Section (a) of figure 1 shows the low pressure gas system.

The gas under study is taken from supply cylinder R and pressurized

up to 200 MPa by the compressor E. The compressor is a horizontal

unit consisting of a double-ended "8-inch" air drive with two

hydraulic plungers. It operates as a two-stage compressor rated

for 207 MPa maximum discharge pressure and is driven from a

standard compressed air supply (80 psi, or 0.55 MPa).

Gas pressure in the system is measured by a 0 - 276 MPa

Heise gauge D, which is accurate to 0.1% of full scale. When

valves V-l, V-3 and V-6 are open, the manganin resistance cell G,

the gas section of the intensifier F, and the high pressure cell P

are all pressurized. The manganin wire resistance, measured by

means of a Carey-Foster bridge H, can then be calibrated against

the Heise gauge for pressures up to 200 MPa.
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The low pressure gas section is protected by two rupture

discs L and M, each rated for 276 MPa. The system may be vented

to atmosphere via valve V-2. Interconnecting tubing in this

section is cold-drawn 316 stainless steel, 3.18 mm O.D. by

0.51 mm I.D., and the various components are rated for 414 MPa.

2.2 Low Pressure Oil System

The low pressure oil system is shown schematically in

section (b) of figure 1. First, the low pressure gas system
2

is isolated by closing valve V-3, then the Enerpac hydraulic

pump A is energized by standard compressed air. The hydraulic

fluid contained in the pump, in the interconnecting lines, and in

the oil section of the Harwood intensifier F, is then pressurized.

The low pressure piston, which is packed with a leak tight

moving closure, is thereby raised, increasing the pressure in

the gas section of the intensifier. Hydraulic fluid pressure

is indicated on the Enerpac gauge B.

A fluid reservoir is provided by pump A with sufficient

capacity to raise fully the intensifier pistons. The height

of the lower piston is monitored by a sight gauge using

hydraulic fluid as the indicator. Interconnecting tubing in

this section is cold-drawn 316 stainless steel 6.35 mm O.D.

by 1.59 mm I.D. All components in section (b) are rated for

138 MPa.
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2.3 High Pressure System

The high pressure section of the system is shown schematically

in section (c) of figure 1. Intensifier F has an intensification

ratio of 16 to 1 and a maximum working pressure of 1379 MPa.

Valves V-3 and V-6 are needle valves rated for 1034 MPa. This

section of the intensifier may be valved out by V-6 if a leak

occurs in the intensifier packings during a high compression run.

Interconnecting tubing used in this section is cold-drawn

316 stainless steel 1.59 mm O.D. by 0.15mmI.D. The high

pressure is measured by the manganin cell (see section 4).

The high pressure piston is an unsupported area type and

floats on the high pressure ram of the intensifier. It is

essential therefore to return the piston from the high pressure

side in order to maintain contact with the ram. Otherwise, the

high pressure packing may separate and damage the cylinder during

the next pressure stroke. Initial problems with leakage from

the intensifier were resolved by replacing the high pressure

packing rings and re-honing the bore of the intensifier.

3. Pressure Cell and Cryogenic System

High pressure gas from the intensifier fills the sample

pressure cell. The cell is mounted in a cryostat designed and

built at CRNL and modified to allow entry of the flexible high

pressure gas inlet line through the vacuum space. This type of

cryostat has been used extensively in the Solid State Physics

group and operates over the temperature range 4.2 K to 300 K.
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The pressure cell is shown in figure 3. It is based upon a

design due originally to Professor W.B. Daniels (see ref. (1) and

other references therein). It is made of a high strength aluminum

alloy (7075-T6) and is attached to the pressure generating system

by 2.5 m of flexible stainless steel tubing (0.15 mm I.D. by

1.59 mm O.D.). The tubing is silver soldered into the "mushroom"

of a standard Bridgman unsupported area seal (see figure 3). This

seal relies on the high internal pressure compressing the mushroom H,

which in turn compresses the lead packing ring J against the inner

bore, thereby producing an effective seal. To prevent the lead ring

from being extruded over collar L, specially shaped stainless steel

rings K are necessary. The Bridgman seal was torqued to 22 N.m

to provide initial sealing.

Two heaters B and F are mounted on the pressure cell so that

its temperature can be varied and a temperature gradient maintained.

A third heater P is wound on the input gas line N and is used to

prevent blockage of the line by premature freezing of the sample

fluid. The pressure cell is thermally attached to the bottom of the

helium reservoir by a helium gas conductivity pillar K. This pillar

allows the use of high temperatures without excessive boil-off of

cryogenic fluid.

The theoretical bursting pressure p for the pressure cell was

calculated from the relation

p =

where a is a tensile strength; K = r^/x, , where r. and r,, are

the inside and outside radii of the cell at the mid-section AA,

figure 3. For this pressure cell, K = 0.750/0.1719 = 4.363,

so that p = 1.70 a. The yield and ultimate tensile strengths,
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a and a , of the aluminum alloy at 297 K and 20 K, together

with the appropriate bursting pressures, are given in Table I.

The pressure cell was tested to 690 MPa at 297 K before

installation in the cryostat and also after installation

(to check for possible vacuum leaks). "Jhis pressure cell is

then adequate for experiments requiring pressures up to

690 MPa, although it is theoretically capable of withstanding

higher pressures. Other cells are under development to operate

at 900 MPa while reducing the volume of unwanted cell material

in the neutron beam.

The entire cryostat assembly is mounted on a goniometer,

shown schematically in figure 4; an overall view is shown in

figure 5. The cryostat can be rotated about its own axis X

by means of the rotating bearing B. The inclination of the

axis X to the vertical can be varied by ±25° about two

orthogonal axes. These angular adjustments by the goniometer

allow a wide variety of specific planes of the single crystal

grown in the pressure cell to be oriented in the horizontal

scattering plane of the neutron spectrometer.

4. Pressure and Temperature Measuring Systems

Pressures up to 200 MPa can be measured by both the

Heise gauge and the manganin cell with its accompanying

electronics, as indicated schematically in figure 6. The

low pressure side must be isolated for output pressures
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greater than 200 MPa and the manganin cell is then the only

pressure measuring device up to 900 MPa.

The resistance of the manganin gauge coil varies with the

pressure on the coil. To a first approximation the increase

in the resistance of the coil is proportional to the change in

the pressure. This increase in resistance is measured by a

Carey-Foster bridge designed for use with a Harwood manganin

cell . The measuring coil is connected to one arm of the bridge

and a similar reference coil of manganin to the adjacent arm.

This reference coil is mounted close to the measuring coil in

the pressure system so that the two are at the same temperature,

but the reference coil is maintained at atmospheric pressure.

When the bridge and manganin cell are calibrated for full scale

reading of 690 MPa, the reading accuracy is ±0.3 MPa.

Two temperature sensors A and G are shown in figure 3.

They are silicon diodes and operate over a temperature range

1.5 K to 300 K. Typical output voltages with an excitation

current of 10 yA are 2.4 V at 4.2 K and 0.4 V at 295 K. The

temperature sensitivity of the diodes is 50 mV/K at 4.2 K and

2.75 mV/K at 77 K. In the present system with these diodes

the temperature can be measured with a precision of 0.001 K at

4.2 K and 0.005 K at 77 K.

The two heaters B and F, figure 3, are controlled by a
g

cryogenic temperature controller Model DTC-500SP . This allows

the pressure cell temperature to be kept constant to within

0.005 K. A temperature gradient may be maintained along the
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vertical axis of the cell by varying the power through heaters

or the gas pressure in the variable conductivity pillar. This

ability to maintain temperature and temperature gradient control

is essential for a good single crystal to be grown.

5. Safety Aspects of the System

All high pressure components, section (c), figure 1, are housed

in a protective barricade PB as shown in the photograph, figure 2,

except the pressure cell P which is mounted inside the cryostat.

The lid and base are designed to absorb shock in a safe manner

and the barricade is lined with ^4.5 cm thick wood. This is an

effective projectile shield in the event of an accident. A

"blowdown door" is provided to release energy safely. The

entire barricade is free standing and would move bodily rather

than burst apart if an accident occurred.

The pressure cell uses the Bridgman unsupported area

sealing technique. A pressure relieving device D is included

(see figure 3) to prevent over-pressurizing the cell. Extensive

testing was carried out on the high pressure tubing connecting

the pressure cell to the pressure renerating station. Both

cold drawn 316 stainless steel tubing and Almar 362 steel tubing

with dimensions 0.15 mm I.D. by 0.79 mm O.D. proved unsatisfactory

and ruptured at pressures below 830 MPa. The tubing finally

used for the high pressure gas line was cold drawn 316 stainless

steel tubing, 0.15 mm I.D. by 1.59 mm O.D.. This was subsequently

tested to 900 MPa without failure.
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6. Experimental Tests

6.1 Melting Curve Measurements

The compression system and pressure cell/cryostat assembly

were tested under operating conditions by measuring the melting

curve (P - T ) of nitrogen (purity 99.9995%). The pressure cell

temperature was controlled to better than 0.01 K for all measure-

ments. The temperature difference between top and bottom of the

pressure cell was <0.3 K with the top (closest to the cryogen supply)

colder. Details of the placement of heaters and sensors are shown

in figure 3. The pressure for each measurement was maintained

constant to within ±0.3 MPa.

Initially the whole system was purged with N_ gas several

times at room temperature to remove air or any other impurity.

This was achieved by alternately pressurizing to 140 MPa and

venting to 7 MPa. The pressure cell was finally pressurized to

200 MPa and allowed to cool to the temperature of the first

measurement. The experimental method used was similar to that

used for argon by Hardy et al. .

The major difficulty of melting curve measurements is to

determine when the specimen is in the melting regime and the

following procedure for obtaining each melting point measurement

was employed. The temperature of the pressure cell was

controlled at the selected temperature (T ) and then the cell

was partially filled with solid N_ by increasing the pressure
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MPa above that at the melting point. After the system

stabilized, the pressure was slowly lowered to the approximate

melting pressure (P ) and again allowed to stabilize for

*30 min. The pressure was then adjusted in small steps until the

N2 in the cell was in the two phase regime and hence at the

melting pressure Pm for this temperature T . Two tests were

then carried out to ensure that the cell contained both solid

and fluid phases: (a) The pressure was lowered slightly («2 MPa).

If the N_ was in the two-phase region, then some of the solid

in the cell would melt and the pressure would increase to its

former value. (b) The pressure was increased -2 MPa. If the N_ was

in the two-phase regime, more solid would form in the cell

and the pressure would decrease to its former value. Both

(a) and (b) above were repeated several times at each pressure-

temperature point to ensure that a true "two-phase" melting

state had been reached.

The results obtained for N, are shown in column 1 of Table 2.

The corresponding data of Cheng et al. and Mills et al. are

compared and shown in Table 2 and figure 7. The present results

are in good agreement with those of references 10, 11.

6.2 Growth of Single Crystals

Several successful attempts were made to grow P-N- single

crystals from the melt. We now describe the procedure for

producing such a crystal at a pressure 210 MPa, at which the
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melting temperature is 101.8 K. The cell was initially

pressurized to 210 MPa and the temperature raised to 104 K

at the lower diode H (figure 3). The pressure cell was thermally

stabilized and a temperature gradient of 2.0 K was maintained

along the vertical direction, so that diode A indicated 102 K.

The gas line heater P was employed to prevent the input gas line

from blocking.

In order to fill the cell completely with fluid prior to

beginning the growth of solid phase, the pressure was increased

by 2 MPa, thus introducing more N_ gas into the cell. As this

condensed, the pressure fell back slowly to its previous value.

After many repetitions of this step, the cell overflowed with

fluid so that no further decrease in pressure could be observed

following introduction of additional gas.

The control point temperature (bottom of cell) was then

slowly reduced while the 2-K gradient was maintained to ensure

that the first solidification occurred at the top of the cell.

The lowering of the control point was achieved by means of a

variable speed ramping device, consisting of a pulse generator

and digital controller unit. These were developed at Chalk River

by D.C. Tennant for use with commercial temperature controllers.

Ramping speeds in the range of 0.18 K/h to 1800 K/h can be

provided by this system.

When the control point reached 100 K and all the nitrogen

had transformed into the solid 3 phase at 210 MPa, the

temperature was stabilized and a search was made (with the C4

triple axis crystal spectrometer operated in a two-axis
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diffraction mode) for Bragg reflections from any single crystals

of 3-N,. A (101)-type reflection was found and its intensity

maximised by adjusting an appropriately aligned goniometer arc.

A second (101)-type reflection was subsequently located and its

intensity maximised by adjusting the other goniometer arc. The

observed angular separation of these two reflections agreed with

that calculated from the known lattice parameters at this

temperature and pressure. Neutron photographs taken of these

reflections indicated that the volume of the single crystal was

about 1.3 cm . At this high temperature, only 1.8 K below the

melting point, the specimen is in a state of dynamic fluctuation,

with crystal grains constantly changing their boundaries. After

about 60 hours the (101) reflections disappeared, showing that

the original crystal grain had completely re-oriented. The

temperature was steadily lowered at 2 K per day to 77 K, during

which time a new single crystal (volume »1.2 cm ) was located.

At 77 K, this crystal appeared to be stable for periods of

several weeks.

If we neglect the small contraction of the aluminum pressure

cell on cooling, then the 3-N, sample volume remains constant

from the moment the cell becomes filled with solid and the input

line is blocked. If the temperature is lowered at a constant

volume, then the sample pressure is reduced following an

12appropriate isochore , so that, for example, at 40 K, the

pressure in our $-N2 sample was only 60 MPa. Production of

samples at 40 K and other pressures may be achieved by inducing
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solidification and blockage of the cell input gas line at a

different initial pressure, corresponding to a different

isochore.

An alternative method, which has not yet been attempted

at Chalk River, would be to pump out excess N2 from the input

gas line and re-pressurize the cell (still almost full of

solid N,) with He as the pressure-transmitting fluid. This

technique has been used previously to study, for example, the

lattice dynamics of potassium metal at up to 400 MPa.

7. Summary

A high compression crystal growth system has been

constructed and tested successfully at pressures up to 690 MPa,

and temperatures between 4.2 K and 300 K. All components

except the pressure cell have been tested to 900 MPa. The

safety and reliability of the system has been demonstrated

over a period of several months. It has been used to grow

various single crystal specimens of S-N,, which have been

examined and oriented by means of neutron diffraction experi-

ments .

Further experiments are planned to study the quasi-elastic

diffuse scattering of neutrons which may be associated with the

librational and translational motions of the N« molecules in

the plastic g-phase; these experiments form part of the

Chalk River program to investigate the dynamical behaviour of
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simple molecular solids. The high compression system may also

be used to study powder specimens, amorphous materials or

liquids.
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APPENDIX

Procedure for Pressurizing the Pressure Cell

(1) Zero the Heise gauge D (figures 1,2) with valves V-l, V-2, V-6

and V-3 open, (atmospheric pressure in the entire system).

(2) With the PSI Dial on the bridge H set at zero, adjust the

"zero adjust" potentiometer to null.

(3) Ensure that valves V-7, V-8, V-4, V-2, V-9 and V-5 are closed,

and valves V-3, V-6 and V-l open.

(4) Connect the standard compressed air supply (80 psi) to the

"quick-disconnect" fitting on the Aminco compressor E.

(5) Open valves V-8 and V-4. Adjust the regulator on the gas

cylinder R to provide at least 80 psi (0.55 tfPa).

(6) Open valve V-7. The compressor will now operate and

pressurize both the low and high pressure systems. To

stop pressurizing at any time, close valve V-7.

(7) The bridge which measures the resistance of the manganin

cell G is calibrated at various pressures up to 200 MPa

against the Heise gauge. If adjustment is required, the

range potentiometer is adjusted.

(8) When the pressure has reached 200 MPa or ceases to increase,

close V-7 and V-4.

(9) If pressures <200 MPa are to be used, the Heise gauge may

remain in the system. For pressures >200 MPa the low

pressure gas section must be isolated by closing V-3.
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(10) For pressures >200 MPa, open V-5 and connect the "80 psi" air line

to the "quick-disconnect" coupling of the Enerpac pump A.

(11) By operating the Enerpac hydraulic pump, the piston of the

intensifier P is raised. Pressure is monitored using the

manganin cell and resistance bridge. An approximate

measure of the pressure in the high pressure cell may be

calculated by multiplying the Enerpac gauge B reading

by 16.1 (intensification factor). A sight gauge S

also indicates the position of the intensifier piston.

With a starting pressure of 200 MPa, it is possible to

intensify to a sample cell pressure of 1000 MPa.

(12) (a) When the desired pressure is reached, close V-5.

To increase pressure, open V-5 and pump up to the new

pressure using the Enerpac pump. Close V-5 again.

(b) To lower the pressure, open V-5 and carefully vent

the Enerpac pump observing the pressure drop on the

manganin cell. This is a trial-and-error procedure since

the piston travels rapidly at high pressures.

(13) To release pressure:

(a) Lower the intensifier piston by opening V-5 and

then slowly venting the Enerpac pump, until there is no

further pressure decrease.

(b) Vent the low pressure side by opening V-2. Carefully

open the high pressure valve V-3, thus venting the whole

system to atmosphere.
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Fig. 1. Schematic diagram of the high compression crystal growth system.
The dashed lines enclose three distinct sections: (a) low pressure gas system,
(b) low pressure oil system, and (c) high pressure system. V-l through V-9
indicate valves and the other code letters are as follows: A - Enerpac pump;
B - Enerpac gauge; C,N,N - stainless steel pressure tubing of various sizes
(see text); D - Heise gauge; E - Eminco compressor; F - Harwood intensifier;
G - Manganin cell; H - Carey-Foster bridge; K - filter; L,M - rupture discs;
P - pressure cell (sample chamber); R - cylinder of specimen gas or pressurizing
gas; S - sight gauge.
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Fig. 2. Photograph of high pressure and temperature control system
excluding the cryostat and pressure cell. PB denotes the protective barrier
and the remaining letters have the same meanings as in figure 1.



1 SECTION AA

Fig. 3. The high pressure cell (sample chamber, Scale 1:1), constructed
from 7075-T6 aluminum alloy. Code: A,G - silicon diode thermometers;
B - 10 fi resistance heater; C - clamping device; D - compressed steel ball
pressure relief valve; E - sample chamber; F - 60 Q resistance heater;
H - mushroom; J - lead packing; K - anti-extrusion rings; L - push-piece;
M - main nut; N - input gas line; P - input gas-line heater.
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Fig. 4. Schematic diagram of cryostat and goniometer. The cryostat body A,
together with the helium gas conductivity pillar K, the tail section D, and
pressure cell P may be rotated about the axis X in the bearing B. The latter
is supported above the goniometer arcs E and F by 4 posts, C. G denotes the
flexible input gas line from the high pressure system (figures 1 and 2).
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Fig. 5. Photograph of cryostat and goniometer.
have the same meaning as in figure 4.

The superimposed letters
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TABLE 1

Tensile strengths and bursting pressuies
for aluminum alloy pressure cell

Temperature (K)

tYield, or
Tensile Strength] *

(MPa) /Ultimate, cu

Theoretical * Lower, pr
Bursting Pressure] y

Limits (upper, p
(MPa)

297

503

572

856

973

20

724

779

1231

1325
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TABLE 2

COMPARISON OF MELTING POINT RESULTS

TEMPERATURE

(K)

64.84

67.40

70.46

73.36

77.24

82.86

83.57

87.03

89.54

91.20

94.41

97.40

97.54

102.15

107.83

113.53

115.66

120.29

126.74

131.14

145.08

160.70

175.82

PRESSURE (MPa)

PRESENT

95.86

146.76

167.59

187.59

300.83

404,48

REFERENCE 10

123.9

220.3

313.0

432.0

549.6

691.5

840.4

REFERENCE 11

7.75

19.81

34.78

49.44

69.72

104.62

139.52

188.36

258.11

348.70
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